flasks (100 ml) were inoculated with I ml of a stationary phase culture grown for 7 to 10 days, at 25 "C, and incubated in the dark.
Freezing and thawing. Cells from liquid culture were used without further preparation. The cell suspension ( I ml) was placed in I 2 x 35 mm sterile polypropylene tubes (Sterilin, Richmond, Surrey) , cooled at different rates to -60 "C using the technique previously described (Morris & Farrant, 1972) , and then cooled rapidly to -196 "C in liquid nitrogen. The cooling rate was determined between -5 and -60 "C using a separate sample with a copper-constantan thermocouple (28 s.w.g.) connected to a KippZonen potentiometric recorder (Model BD5). Cells were thawed by rapid agitation of the tube in a water bath at 25 "C until all ice had melted.
Thermal shock. Samples of cells ( I ml) in polypropylene tubes were incubated in a water bath at 25 "C for 30 rnin and then placed in a stirred ice-water bath for 15 rnin; this produced an exponential and reproducible rate of cooling.
Viability assay. Samples of exponential dilutions of the cells ( I ml) in tryptone-glucose medium were pipetted into sterile Petri dishes (90 mm), and 25 ml of 1.5 % (wlv) agar in tryptone-glucose medium (40 to 42 "C) was added. After the cells had been dispersed by gentle agitation, the agar was allowed to solidify, and the plates were inverted and incubated at 25 "C. After 72 h, colonies were counted. The efficiency of plating for unfrozen cells, as determined by haemocytometer counts, was always greater than 95 %.
Five replicates were examined for each treatment. "C min-l, to -60 "C followed by transfer to liquid nitrogen ( N = 48). Under no experimental condition was there a loss of viability upon reduction in temperature from 25 to o "C (thermal shock). This is in contrast to the report that C. protothecoides in the exponential phase of growth is susceptible to thermal shock damage (Morris, 1976a) .
RESULTS

Eflect of growth temperature
Prototheca chlorelloides did not survive rapid cooling to -196 "C (recovery < 0-1 %) following growth at 25 or 35 "C (Fig. I) . However, cells cultured at lower temperatures showed a small but significant increase in recovery (Fig. 2) . Following the slower rate of cooling, viable cells were recovered upon thawing from all cultures examined (Figs. I and  2) . Decreasing the temperature of culture led to an increase in resistance to freezing and thawing. These results agree with those obtained for other algae (Bird & Morris, 19763 ) and higher plants (Levitt, 1972) . At all experimental temperatures, freezing tolerance varied with the age of the culture ( Figs, I and 2) . decreased as the rate increased (Fig. 3) . At all cooling rates studied, the recovery decreased as the temperature of the culture increased.
Eflect of rate of cooling
Cryopreservation of other Prototheca spp. From the results illustrated in Figs. I to 3, it was decided that the best method for routine cryopreservation of Prototheca spp. was as follows. Cells were grown for 14 days at 4 "C, cooled at a rate of 0.3 "C min-l to -60 "C and then transferred to liquid nitrogen. in Table I . With all strains, the recovery upon thawing was greater than 30 % and the number of viable cells recovered/ml exceeded IO*, sufficient inoculum for a new culture.
Long-term stability studies on these frozen samples are now in progress.
D I S C U S S I O N
Previous studies on freezing tolerance at sub-optimal growth temperatures have been confined to photosynthetic organisms. Our results show that a similar cold acclimatization process occurs in the apoplastidic alga Prototheca.
The biochemical mechanism of this increase in freezing tolerance is not fully understood (reviewed by Levitt, 1972) . It is generally assumed that cellular membranes are the primary sites of damage during freezing and thawing. Membrane lipids change from a liquid crystalline to a gel structure upon reduction in temperature (reviewed by Grant, 1975) . The extent of these phase separations and the temperature at which they occur depend both on the lipid composition and the degree of fatty-acid saturation of the membrane (James & Branton, 1973 : Schechter, Letellier & Gulik-Krzywicki, 1974). It has been suggested that the increase in the degree of unsaturation of membrane fatty acids at low growth temperatures in bacteria (Marr & Ingram, 1962; Farrell & Rose, 1967) , Chlorella (Patterson, 1970) and higher plants (Gerloff, Richardson & Stahmann, 1966; Siminovitch et nl., 1968; Kuiper, 1970) , or the increase in total membrane lipids at low growth temperatures (Singh, de la Roche & Siminovitch, 1975; Morris, 1976b ) may be responsible for the cryoprotective effect.
This process of cold acclimatization provides a simple method for cryopreservation of
